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2Images of this grating are then reconstructed at discrete







the grating constant and 
dB
the de Broglie wave length
of the incident object.
Our interferometer consists of three identical gratings
which are equally spaced. The rst grating acts as a comb
of sources which have vanishing mutual coherence. Yet
each source is suÆciently small to prepare the required
transverse coherence at the second grating. The second
grating is then coherently imaged onto the plane of the
third grating by the Talbot eect. The images coming
from all sources look identical but they are shifted by
multiples of the grating constant and therefore overlap in
spite of their lack of mutual coherence [16]. A movable
third grating blocks or transmits the molecular interfer-
ence fringes according to its position.
The experimental setup, as sketched in Fig. 1, consists
of three free-standing gold gratings (Heidenhain) with
a nominal period of d = (991:25  0:25) nm, an open
fraction (ratio of slit width to period) of f = 0:48 0:02,
a thickness of b = 500 nm and a huge usable area with a





= 0:22m. The whole setup is placed in a
vacuum chamber at a pressure of 310
 8
mbar. A beam of
C
70
fullerene molecules is generated by sublimation in an
oven at a temperature of 650
Æ
C. Its velocity distribution
is close to that of an eusive source, with a most probable
velocity of about 200m/s. A laser beam with a power of
26W traverses the apparatus behind the third grating
in horizontal direction. It is generated by a multi-line
visible argon ion laser focussed to a beam waist of 8m
(1=e
2
-radius). It ionizes the arriving molecules regardless
of their transversal position. The interferometer signal is
obtained by detecting the resulting ions and scanning the
third grating transversally, using an actively stabilized
piezo translation stage (Piezosystem Jena).
The fullerene beam travels 2.38m from the oven to the
detection laser. In the horizontal direction, the beam is
restricted only by the rectangular oven orice of 1.2mm
length and a 500m wide slit that determines the used
segment of the rst grating. This means that in compar-
ison to the diraction angles of about 1rad, the illumi-
nation is transversally incoherent.
In the vertical direction, the oven orice of 200m
height and the laser beam x two regions where the
trajectories of the detected molecules are tightly con-
ned in comparison to a typical free fall distance during
their ight. Halfway in between, the vertical positions
of the detected molecules are therefore correlated with
their longitudinal velocities. We introduce an adjustable
slit (Piezosystem Jena) that limits the beam height to
150m or less at a distance of 1.38m from the oven,
0.12m before the rst grating. It selects a narrow veloc-
ity distribution, which has been measured using a me-
chanical chopper in front of the oven orice. Its center







FIG. 2: Interference fringes (raw data) resulting from a typ-
ical single scan of the third grating. A central velocity of
115m/s was selected.
vertical oven position. This corresponds to de Broglie
wavelengths of 5.9 and 2.2 pm, respectively. The FWHM
of the wavelength distribution goes up from 8% of the
mean to 35% with decreasing center wavelength.
Fig. 2 shows the detected signal from a single scan
at nearly optimal settings for maximum contrast. Apart
from some noise it corresponds well to a sine, as expected
from theory for our open fractions near 0.5, which sup-
press higher Fourier components. Fast Fourier transfor-
mation (FFT) gives a sharp single peak corresponding
to the lattice period. A signal-to-noise ratio of 50:1 was
achieved in just 150 s of total measuring time. It was
not necessary to correct the extracted visibilities for dark
counts because the dark count rate was about 0.2 s
 1





at central velocities of 80m/s and 160m/s, re-
spectively [17]. The phase of the peak FFT component
gives the spatial position of the fringe pattern. Com-
parison of subsequent scans gives the lateral drift of the
three-grating setup, which is of the order of 2nm/min.
Tilting the three gratings with respect to each other
diminishes the visibility. Each grating was prealigned to
several milliradians with respect to gravity by observ-
ing a laser diraction pattern outside the vacuum cham-
ber. Fine adjustment of the grating parallelism| better
than 2mrad | was achieved by maximizing the fullerene
fringe visibility. A much smaller variation of the visibility
was observed when all three gratings were tilted by the
same amount. This is because the calculated interferom-
eter phase shift from gravitation is '
g
= 0:2 rad per
mrad of tilt (see below) and only its non-uniformity due
to the nite velocity distribution diminishes the visibility.
Longitudinal displacement of one grating also aects





aligned before evacuating the chamber and ne-aligned
on the 100m level by maximizing the contrast. Vi-
3FIG. 3: Dependence of the interference fringe visibility on the
mean velocity of the molecular beam. Numerical simulation
results are plotted for four models without free parameters:
classical or quantum behavior, with or without consideration
of the van der Waals (vdW) interaction of the molecules with
the second grating. The quantum result including the van der
Waals eect is clearly the only adequate one.
bration isolation of the optical table by pneumatic feet
proved to be crucial for obtaining a high visibility.
The appearance of a periodic signal as a function of the
position of the third grating is not necessarily a sign of
quantum interference | it could also result from classi-
cal moire fringes, i. e. shadow patterns which result from
the geometry of straight rays passing the gratings or be-
ing blocked at one of them [18]. These patterns do not
depend on the particle velocity, in sharp contrast to the
behavior of quantum de Broglie waves: here the veloc-





of the grating separation to the Talbot
length is a crucial parameter in the theory of wave prop-
agation.
The quantitative evaluation of the expected velocity
dependence involved numerical simulations of the three-
grating setup in a quantum de Broglie wave model, in
comparison with a classical point-particle calculation.
The quantum model relies on Fresnel integrals and calcu-
lates them eÆciently by a Fourier transform method un-
der the assumption of incoherent illumination. Assuming
binary transmission functions corresponding to our grat-
ing geometry, the classical point particle model yields a
velocity-independent fringe visibility of 5%, whereas the
quantum model gives the dashed curve in Fig. 3 with two
maxima slightly below 30% in the experimentally acces-
sible velocity range. A relative minimum in between cor-
responds to the velocity v
T





In this simulation and the following ones, our measured
velocity distributions have been taken into account.
The experimental visibility curve (diamonds in Fig. 3)
exhibits a pronounced velocity dependence and a maxi-
mum visibility of 35% in the vicinity of the one-Talbot-
length criterion. On other days, up to 39 % were ob-
tained with the same settings, and 41 % with a narrower
height limiter and therefore a narrower velocity distri-
bution. This is totally incompatible with classical moire
fringes but corresponds also quite poorly to the described
quantum simulation result.
The most likely reason for this discrepancy is that the
ansatz of a purely absorptive grating transmission func-
tion is not adequate: the outcome of far-eld diraction
experiments with rare-gas atoms [19] is described cor-
rectly only by a theory that includes the phase shift by
the van der Waals interaction between the particles and
the grating. To estimate the magnitude of this eect
for our experimental situation, we assumed a potential








from a gold surface. The constant C
3
is known for various
noble gases [20] near gold surfaces and depends roughly
linearly on their atomic dc polarizability. We extrapo-








of the fullerene molecule C
70






. For the passage
through a grating slit of width fd (= 475 nm) centered
at x = 0 we obtain
Z














In the quantum model the potential of Eq. 1 leads to
a phase variation of the de Broglie waves passing at dif-
ferent position x through an individual slit of the sec-
ond grating. In the classical model we expect the poten-
tial gradient to lead to a position-dependent force which
ultimately makes an individual slit appear as a mini-
lens with a velocity-dependent focal length. By a sim-





, for our parameters at velocities around
1000m/s. Indeed, our classical simulation shows a single
broad maximum of 18% height in this range. In the ex-
perimentally accessible velocity range, it predicts much
lower visibilities than our experimental data (dash-dotted
line in Fig. 3). On the other hand, the measured func-
tional dependence of fringe visibility on velocity corre-
sponds reasonably well to the numerical quantum model
with van der Waals interaction included (solid line in
Fig. 3): the position of the single maximum coincides
perfectly, and the maximum experimental contrast at-
tains nearly what is expected from theory. Both the the-
oretical and the experimental curves show a single max-
imum at 115m/s and are therefore asymmetrical with




| a consequence of the
complex transmission function of the combined absorp-
tive and phase grating. The remaining discrepancy is not
astonishing, having in mind the rather coarse approxima-
tions underlying Eq. 1, such as the neglect of edge eects,
4and the inevitable experimental imperfections.
Talbot-Lau interferometers allow various interferomet-
ric measurements, especially those of inertial forces or of
decoherence eects, which do not require spatially sepa-
rated beams. As a rst example, we have investigated the
gravitational phase shift in our interferometer by tilting
the optical table with the whole experimental setup by
few milliradians. As expected [18] the interference fringes







) = 0:2 rad
per mrad of table inclination . This means that the
gravitational acceleration component in the interferome-
ter plane, which is on the order of 10
 3
g, can be measured
within a short integration time.
Concluding, we have demonstrated for the rst time
an interferometer for massive molecules that are inter-
nally in a highly excited thermal state. The fact that the
experimental visibility is not signicantly lower than the
theoretical expectation shows that decoherence by emis-
sion of black-body radiation does not play a signicant
role in this experiment. However, there is a chance to
study decoherence in future experiments involving laser
heating of the fullerene molecules.
The successful implementation of this near-eld in-
terferometer paves the way towards interference of even
more massive objects. Talbot-Lau interferometry has a
favorable scaling behaviour. If one leaves the longitudi-




= unchanged, a reduction of the
grating period by a factor of four already allows the ob-
servation of quantum interference for a 16 times shorter
de Broglie wavelength | that means 16 times heavier
molecules, if one assumes a beam of equal velocity, or
even 256 times with eusive characteristics at the same
temperature. However, the present experiment teaches
us that one has to take into account the eect of the van
der Waals interaction. With decreasing grating period
the inuence of the r
 3
potential increases strongly. In
numerical simulations, the resulting contributions of high
diraction orders at the second grating restrict the self-
imaging phenomenon and therefore the fringe visibility
to extremely narrow velocity ranges, e. g. v=v  0:01
for m = 16 m
C70
and d = d
C70
=4, assuming both an
unchanged velocity and an unchanged C
3
constant for
simplicity. For experimentally accessible velocity distri-
butions, the inclusion of the van der Waals interaction
gives therefore a more stringent limit to interferometer
scalability than previously discussed by Schmiedmayer
et al. [2].
For an experimental implementation, it seems there-
fore more promising to implement the second grating as
an optical phase grating like the one which we have re-
cently demonstrated for fullerenes [13]. Exploiting the
position-dependent ionization and fragmentation proba-
bility of molecules in a strong standing light wave, one
could also replace the rst and third gratings by laser
light, thereby eliminating the fragile free-standing mi-
crostructures [22].
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